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ABSTRACT 
Absolute excitation cross sections were measured for  f ive  vibrational 
bands of the CO(APn - X1cC) Fourth Positive band system. The bands were 
produced by electron impact on CO and C02 and the cross sections were 
measured from threshold to 350 eV, Relative intensity measurements on 28 
hands were used to  determine the dependence of Re on the r-centroid, which 
i s  Re = 1,9(1,0 . 0.6 iVpv,,). Absolute transit ion probabili t ies were 
computed usinq th i s  functional form fo r  Re and normalizing the total  tran- 
s i t ion  probability of the v '  = 2 level to  published experimental resu l t s ,  
The total  f-value fo r  th is  t ransi t ion i s  then 0.15, Absolute excitation cross 
sections f o r  the f i r s t  f ive  vibrational levels (v" 0 -+ 4)  of the A1n s t a t e  
were determined fo r  each parent gas usinq the measured cross sections of specific 
bands and the absolute transit ion probabili t ies,  When CO was the parent gas, 
the re la t ive  populations of these vibrational 1  eve1 s  were proportional t o  
the Franck-Condon factors ,  q v b 0 ,  The sum of the cross sections fo r  these 
levels i s  1.87 x lowP7 cm2 - + 15% a t  300 eV, This represents 87.4% of the 
total  excitation cross section fo r  the A1n s ta te .  The re la t ive  populations 
of the f i r s t  f ive  vibrational levels were also determined fo r  dissociative 
excitation of C02 and they differed from the relat ive populations which 
resulted from di rec t  excitation of CO, The sum of the cross sections for  
these f ive  levels i s  1 ,4  x 10-" cm2 - + 17% a t  300 eV, 
The importance o f  carbon monoxide and  carbon d iox ide  i n  p lanetary  
atmospheres has r e c e n t l y  been emphasized by the  Mariner space probe i n -  
ves t i qa t i ons  of Mars and Venus, En p a r t i c u l a r ,  t he  recent  Mar iner  VII 
probe toward Mars detected a  st rong emission spectrum i n  the  vacuum 
0 
u l t r a v i o l e t ,  dominated below 2000 A by the  Lyman alpha r a d i a t i o n  f rom 
atsmTc hydrogen and the  Fourth P o s i t i v e  band system o f  carbon monoxide, 
cO(A1n = X1c+],% Absolute e lec t ron  e x c i t a t i o n  cross sect ions a r e  needed 
t o  determine the  r e l a t i v e  importance o f  producing the  Fourth P o s i t i v e  
hand system by photoe lec t ron  impact on CO and Cop i n  t he  Mar t ian  
amosphere, 
Laboratory measurements o f  t h e  i n t e n s i t i e s  o f  these bands i n  emission 
Rave been sparse, Krupenie2 repo r t s  some v i s u a l  est imates made from photo t  
qraphic p la tes ,  We r e p o r t  here accurate r e l a t i v e  I n t e n s i t y  measurements 
on 28 bands s f  t h i s  system, 
Hesser3 has measured the  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  t he  A-X 
t p a n s i t t o n  from v i b r a t i o n a l  l e v e l s  (v" 0 + 4) o f  t h e  CO (A1n) s t a t e  i n  
a  r a d i a t i v e  1 i f e t i m e  experiment, We1 1  s  and I s 1  e r 4  have measured the  
r a d i a t i v e  l i f e t i m e  f o r  t he  v '  = 2 l e v e l  i n  a  l e v e l  -cross ing spectroscopic 
experfment and found good aqreement w i t h  Wesser's value. Hesser a l s o  
ca l cu la ted  t h e  t o t a l  absorpt ion o s c i l l a t o r  s t renq th  f o r  t h i s  t r a n s i t i o n  and 
Pound P = 0,094, i n  essent ia l  agreement w i t h  R i c h 3 5  value o f  0+12 Prom 
shnck tube w o ~ k ,  kasse t t re  and Skerbele" however, obtained a  value f = 0,195 
from electron energy loss spectra measurements and thus t h e  e x i s t i n g  da ta  are 
i n  serious d i  saqreement . A nonconstant electronic t rans4 t i o n  moment ( R e )  
w i l l  change t h e  t o t a l  $-value calculated from Wesser? absolu te  transit ion 
probabili t ies.  I t  i s  therefore of interest  to  measure the variation i n  Re 
across the band sys tm and thus to deternine i f  t h i s  effect  i s  t h e  cause 
s f  the disagreement i n  the f-values. 
THEORY 
In a  ~ e g i o n  containing diatomic molecules i n  an electronically excited 
s t a t e ,  the number of photons emitted per u n i t  volume per second8 in a  
t ransi t ion from the v '  vibrational level of the upper s t a t e  to  the v N  
vibrational level of the lower s t a t e  i s  
where n v ,  i s  the number density of excited molecules i n  the v t  vibrational 
s t a t e ,  and 
i s  the transit ion probability for  an e lec t r ic  dipole allowed t ransi t ion,  
The usual factor 64n4/3h on the RHS of [ Z ]  has been included in the 
definit ion of Re2 and Re i s  then written i n  atomic units.  q,, ,,, i s  the 
Franck-Condon factor  for  the two vibrational s ta tes  involved; v,, ,, 
is  the wave number (cm-I) of the emitted photon: Re i s  the electronic 
transit ion moment4 and F, v u  i s  the r-centroid. a  measure of the mean 
internuclear distance fo r  the t ransi t ion,  
Values s f  the  Franck-Csndon factors  and r-centroids for  the Four th  
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s 22 v, rb aJ LL= I- 
t o  a v "  proqresslsn will  be 
where Q(A, ,.I i s  t h e  spec t ra l  response o f  t h e  photon de tec t i on  system a t  
the wavelength I,, ,,, Equation [5] may be i nve r ted  t o  y i e l d  t h e  r e l a t i v e  
e lcc t ron3c  t r a n s i t i o n  moments f o r  t h e  bands i n  quest ion,  
$\PPARAT'ifS A! ID CALIBRATION 
The a p p a ~ a t u s  used i n  making these measurements has been described 
i n  d e t a i l  by Mumrna and ~ l p f "  (see F igure  1).  A small c o l l i s i o n  chamber 
ws f i l l e d  w i t h  CO o r  C02 t o  a  known pressure ( t y p i c a l l y  5  x  10-5 t o r r ) .  A 
beam o f  e lec t rons  ( t y p i c a l l y  5 x 10-5 amperes) was passed through the  qas 
a t  energies which were var ied  from 1  t o  350 eV, Photons emit ted i n  t h e  
f n t e r a c t i o n  reg ion  were observed a t  90' t o  the  d i r e c t i o n  o f  the e l e c t r o n  
beam w i t h  a  vacuum monochromator and a  s o l a r - b l i n d  p h o t o m u l t i p l i e r  tube, 
E x c i t a t i o n  func t i ons  were measured manually and i n  a  m u l t i - s c a l i n q  mode 
a t  enerqy i n t e r v a l s  o f  0.7 v o l t s ,  
The v i b r a t i o n a l  bands of the CO Four th  P o s i t i v e  system were produced 
b.y dl'rect excitation o f  CO o r  d i s s o c i a t i v e  e x c i t a t i o n  o f  GO2, i , e .  
The s l f t s  of' the monochromator were s e t  so that  the en t i re  rotational 
s t ~ u c t u r e  sf the band was included i n  the unity portion of the trapezoida: 
t ransfer  function: The bands fo r  which excitation cross sections were 
measured were selected on the basis of freedom from contamination by over- 
lapp ing  bands  and atomic emissions, Absolute cross section and re la t ive  
tntensity measu~ements were made a t  electron enerqies of 300 eV, where the 
Bovn approximation i s  known to  be accurate,6 The method of cal i bration of 
the optical system has been described i n  detai l  by Mumma and Zipf7, The 
method uses intensftyZ3 measurements made on vibrational bands of the Lyman- 
Blrge.Ropfi.eld (LBH) (aln - X1e ') band system of molecular nitrogen and 4 9 
on selected multiplets s f  atomic nitrogen whose branchinq rat ios  a re  known, 
The re la t ive  transftion probabili t ies of the LBH bands were calculated u s i r ~ )  
the P~anck-Condon factors  of Benesch e t  a1 , I 4 ,  The electronic transi tion 
moment (Re) 'Is a constant for  th i s  band s y ~ t e m I ~ . ~ 6 .  A comparison of the 
calculated in tens i t ies  w i t h  the measured in tens i t ies  of these bands (via 
eqaats'on 151 then gives the re la t ive  response of the optical system as a  
function o f  wavelength, A comparison of known branching ra t ios  for  NI 
multiplets w i t h  measured intensi t ies  i s  used in a similar manner (See Figure 21, 
Absolute calibration of the cross sections was achieved by comparinq 
63 
them t o  the cross s e c t i o n  f o r  producing L-man a l p h a  r a d i a t i o n  (124% A )  by 
electron impact  on molecular h y d r e q e n , " ~ ~ ~  
ELECTRONIC TRANSITION MOMENT 
The in tens f  t i e s  s f  twenty-e ight  bands o f  t he  GB(A-X) system be1 onging 
t o  v q  p ~ o g r e s s i o n s  w i t h  v" 0 -+ 6 were measured by scanning the  mono- 
cbromator over each band, Bands belonging t o  a g iven v "  progression ( v '  
constant1 were scanned sequent ia l l y ,  thus min imiz ing  the  e f f e c t s  o f  long 
term d v f f  t s  i n  t he  gas pressure and e l e c t r o n  beam cur ren t ,  These paramete: 
Mere moni tored cont inuous ly  and d r i f t e d  by l e s s  than 1% over t he  t ime 
r e q u S ~ e d  t o  scan a g iven band, The monochromator s l i t s  were s e t  t o  y i e l d  
I3 
,888 r e s o l u t i o n  and the  e l e c t r o n  energy was se t  a t  300 eV, The detected 
photon counts were fed i n t o  a mul t i -channel  analyzer which was operated 
0 
i r a  t he  r n ~ l t l " ~ s c a 9 l n g  mode w i t h  an equ iva len t  channel w id th  o f  0,45 A ,  The 
r e s a i t ? n g  readout showed the  shape o f  t he  band and gave v i s i b l e  evidence 
as t o  b~hether  t h e  band was overlapped o r  otherwise contaminated. The 
t o t a l  number o f  counts i n  t he  histogram o f  a band was taken t o  be t h e  
t n t e n s t t y  sf' t he  band, The r e l a t i v e  e l e c t r o n i c  t r a n s i t i o n  moment was then 
ca l cu la ted  us lng  Equation 151, t he  FranckrCondon f a c t o r s  o f  A l  b r i t t e n  e t  
81," and tRe r e l a t i v e  spec t ra l  response values shown i n  F igure  2, Th is  
procedure was employed f o r  t he  bands o f  each v "  progression, The r e s u l t s  
f o r  each progression were m u l t i p l i e d  by an a r b i t r a r y  constant  and the  
values o f  t he  constants which gave a l e a s t  squares f i t  o f  the  data t o  a 
l i n e a r  r e l a t t o n  w i t h  the  r o c e n t r o i d  were determined, This  procedure has 
the  advantage t h a t  i t  does not  assume anyth ing about how the  l e v e l s  o f  t he  
W% s t a t e  are populated, whether by d i r e c t  e x c i t a t i o n  o r  cascade, and i t  
does n o t  assume t h a t  the  r e l a t i v e  populat ions o f  t he  upper v i b r a t i o n a l  
levels are related t o  the Franck-Condon P B C ~ R Y " ~ ,  qV CII 
The values f o r  9,(Fy, ,.) are   lotted vs.  the r-centroid values 
s"n Flequre 3 ,  The error bars represent the s t a t i s t i c a l  taunting no i se  
[Ni] i n  the t o t a l  number of counts i~ each hand o r  2 , 5 % ,  whichever 
i s  greater ,  
The relationship between Re and based on our measurements i s  
0 
e 
where rv , , , {  is given i n  A and Re i s  in atomic uni ts .  Hesserts absolute 
t ~ d n s l t i o n  p~sba6 i l  i t y  measurements a re  interpreted (see discussion 
belov~)  as best f i t t i n g  the relation 
Relative t ransi t ion probabili t ies for  each vibrational level of the A1n 
s t a t e  (v ' = 0 -+ 91 were computed using the A1 b r i  t t en  e t  a1 , Franck-Condon 
f a c t o r s  and r-centrofds, and the measured dependence o f  Re given i n  
equatfon [ f3gp The transit ion probabili t ies were p u t  on an absolute scale 
bv nomalizing A v t  = to  the average of the published  value^^$^, i , e ,  
Avk = 2 - 10,3 x secwP (Table I ) ,  Hesser3 measured the radiative l i f e -  
times o f  vibrational levels of the A1n s t a t e  using a radio-frequency phase 
s h i f t  teehntque, His resul ts  show a sl  iqht increase in transit ion proba- 
btilr'ty as v k  vitrfes from 0 to 5 ,  Our  resul ts  show a modest decrease 
(Table I ,  column three) ,  As an exercise, we determined what slope gave 
best agrement w i t h  Hesser 's measurements, The resul ting relation i s  
eauatian 193 and the eorrespondinq csmnuted values o f  t h e  transition 
nrobabilltfes are displayed i n  Column f o u r  of= Tdb4c 1, We have used 
equations [Z] and [81 t o  calculate a n  array o f  a b s o l ~ t e  transition 
p ~ o b a b i l i t f e s  for the system (Table 11). We are then a b l 5  t o  cale~ldte 
the t s t a l  absorptfon osci l la tor  strength for  the CO(A - X )  t ransi t ion,  
The total  absorption osc i l la tor  strenqth i s  qiven by 
wRere -a i s  l'n cm, A l'n sec-I, and GL/G" has the same value as the ra t io  
of the electronic s t a t i s t i c a l  weights g ' /gN [where q i s  (2s + 1 )  for  c s t a t e s  
and 2 (25  e I! f o r  s ta tes  with h 2 I ] ,  For the CO (A1n - X1ct) t ransi t ion,  
F'\/Gw = 2 ,  We find a total  absorption osc i l la tor  strength o f  0.15. We 
fntei-pret t h i s  as a corrected value of Hesser's P = 0,094, which i s  thus 
Pn Getter agreement wfth Lassettre and skerbele's6 value o f  0.99, The 
discrepancy between the fcvalues as measured by optscal means and by 
electvon energy loss spectra i s  thus substantially reduced. 
C 0 
Excitation functions for  several vibrational bands of the CO Fourth 
Postt ive system, produced by electrons impacting on CO,  were measured as 
a function of electron energy from threshold to 350 eV, The shapes of the 
exeftation functions were obtained using the multi-scaling technique 
discussed ea r l i e r ,  The cross sections were p u t  on an absolute scale by 
eomparfng them t o  the cross sectSon for  production of Lyman alpha radiation 
bv dfssociative excitation o f  HE a t  300 eV. The vibrational bands whose 
c ~ o s s  sec t ions  have been measured are  listed i n  Table 11% alonq w i t h  
t he  values of  their absolu te  excitation cross sections a t  300 eV, T h e  
r a t i o s  nv,/nB have been calculated from the re la t ive  ndnd in tens i t ies  
[IY' ,I a n d  the branchinq ra t ios  are q iven i n  Column 6 ,  Tab le  I I I ,  These 
ra t ios  should be compared to  the theoretical Franck-Condon factor  r a t i o  
qv d q 0  0 * The agreement i s  quite qood, This demonstrates that  the populations 
of the vibrational levels of the A P n  s t a t e  a re  proportional t o  the Franck- 
Condon factors ,  qv ,,. Lassettre18 has observed similar resu l t s  for  
the d i rec t  excitation (I , e ,  excluding cascade) of the CO(Ain) s t a t e  Prom 
electron energy loss spectra, O u r  resu l t s  show that  the total  emission 
cross sections for  the vibrational levels of the APn s t a t e  (including cascade) 
are  pror,ortional to  the Franck-Condon factors (qv, ) to  within experimental 
error ,  Hence, re la t ive  emission intensi t i e s  (photons/sec) for  the bands 
of t h i s  system may be calculated using 
We have calculated the emission in tens i t ies  re la t ive  to  the intensi ty  of 
the (2:0] band using equation [ l l ] .  The resul ts  a re  shown in Table IV, 
These band in tens i t ies  may now be used fo r  the calibration of monochromators 
u s i n q  the molecular vibrational branching r a t io  t e c h n i q ~ e , ~  
The total  cross sections for  excitation of vibrational levels of the 
A4n s t a t e  were calculated via 
nd a re  shs1tf.l i n  Figure 4 ,  "Te  ahsolu" erross sec t i on  of a s~ecific 
bland belsnqinq t o  one s f  these v "  proqressisns ( v b  0 6 44) may be obtained 
from the t o t a l  level c ross  sec t ion ,  by a u i t i p l y i n q  by the aoproprlate 
branehinq r a t i o  Ay , V , , / A V b .  The t o t a l  cross sect ion f o r  excit ing t h e  
l eve l s  v F  = 0 -+ 4 a t  300 eV 4s 1.87 x lo"17 cm2 - + 15%, If  higher vibrat ional  
1 eve1 s ape a1 so populated according t o  the  Franck-Condon fac to rs ,  q, ,,, 
then the  cross  section f o r  the  f i r s t  f i v e  levels  represents 87.4% of the  
;%?La1 exc i ta t fon  cross  section f o r  a l l  levels  of the  s t a t e  (which 
tnen 4s 2,13 x cm2 a t  300 eV), The t o t a l  cross  sectjon f o r  excit inq 
the Rxn s t a t e  becomes 5,O x em2 a t  the peak (25 eV), 
Warts and de ~ e e r l '  have recent ly  measu~ed the  shape of the excl ta t lon 
a-oss section f o r  t he  ( 0 , l )  band of this system from 100 - 6000 eV, They 
assumed a constant e lec t ron ic  t r an s i t i on  moment and then calculated the  
branching r a t i o  A o I / A y  &, . o e  The absolute cross sect ion f o r  d i r ec t  
exci ta t fon of the  v '  = 0 vibrat ional  level was calcula ted from the i n e l a s t i c  
electyon sca t t e r ing  cross-sections of Lasset t re  and S k e r b e l e h t  500 eV. The 
calculated h~anehing r a t i o  was then used t o  obtain the  emission cross section 
for  the  ( 0 , l )  band a t  500 eV a l  though Aarts and de Heer recognized t ha t  
the  e lec t ron ic  t r an s i t i on  moment was not constant f o r  t h i s  system, The 
assumption of a constant e lec t ron ic  t r ans i t ion  moment leads t o  a branching 
~ a t f o  equal t o  0,289 whereas the  branching r a t i o  which r e su l t s  from using 
t he  var ia t ion  of Re determined i n  this work (Equation 8 )  i s  0.323. Thus we 
expect the  absolute value of tKe cross sectlon f o r  t he  ( 0 , l )  band t o  he 
91,5% q ~ e a t e r  a t  500 eV than the  value quoted by A a r t s  and de Heer, We 
compare our cross section for t he  ( O , l )  band t t J  t h a t  qiven by A a r t s  and de Heer 
i n  F30ure 5 ,  WE have multiplied the cross section values of Warts  and  de Weer 
ky %,"615 i p :  order t o  correct f o r  the non-cplnstan"l:l~ctr.onic Lransitfsn 
rnsment o f  $!!-is band system, There i s  some dfsagreement i n  the shape 
o f  the emission cross section over the energy range 100 - 340 eV, b u t  
t h e  absolute values agree w i t h i n  the experimental error  a t  300 eV, The 
shape s f  our cross section curve i s  estimated to  be accurate to  better 
t h a n  lo%, 
C02 
Excitation cross sections were measured for  f ive  vibrational bands 
a f  the CO Fourth Positive system which were produced by electron impact 
dissociative excitation of COY The cross sections were measured over 
t h e  energy ~ a n g e  0 - 350 eV, Excitation functions were measured usinq the 
mu7 t i-scal ing technique described earl i e r ,  and the cross sections were 
p u t  on an absolute scale by comparing them to the Lyman alpha cross section 
a s  i n  the case of C O .  The absolute cross sections, o,, ,,, , a t  300 eV a r e  
qtven i n  Table V ,  Column 3, 
The absolute t ransi t ion probabili t ies of the Fourth Positive system 
(Tahle TI) may be used to  determine the total  level cross sections, o,, . 
from o,, ,. since the branching ra t los  from a particular v '  level are  
p ~ o p e r t i e s  only of the CO(A1n - xIc") transit ion and not of the intermediate 
dissoc3atisn process, Total level cposs sections have been calculated 
in thfs  way and are  shown i n  Figure 6 ,  The re la t jve  populations of 
vibrational levels of the A" s t a t e  will no longer be related to  the Franck- 
Condon factors,  q, , , ,  o f  the CO(A - X )  transit ion b u t  will be a property 
o f  the d i s s o c i a t r o n  mechanism of the C02 molecule, This can readily be 
k e ~ i f i e d  by esmparinq the  observed relative populations (Tab le  V, column 61 
to the theoretical Franck-Condon r a t io s  q, ,,/qoo (Table I I I  , column 7).  
The sum of' the  cross sect ions f o r  exciting the 0 -+ 4 levels 
o f  the CO(A2i r )  s ta te  by dissociative excitatiorl of C02 i s  1.4 x 10-15 cm2 - + 17% 
a t  308 eV, Me cannot calculate what f ract ion of the total  excitation 
cvsss section fo r  the Wbn s t a t e  th i s  represents, although i t  seems l ike ly  
that  i t  f s  a sizeable fraction of the t o t a l ,  The shapes of the level c ~ o s s  
seetfons (M'  = 0 -t- 4)  exhibit reproduci ble differences even out to  200 eV 
[:>ee Figure 51, The sum of the cross sections fo r  these f ive  vibrational 
levels peaks near 40 eV where i t  Ss 2.6 x 10-18 cm2, 
SUMMARY AND CONCLUSIONS 
The dependence of the electronic t ransi t ion moment on the r-eentrofd 
has been measured f o r  the CO(Abn - Xbc') Fourth Positive band system, This 
has enabled us to  calculate the array of absolute transit ion ppobabilities 
for t h i s  system and thus to calculate the total  absorption osc t l la tor  
strnegth [a-value), The f-value obtained i n  this way ( f  = 0,15) i s  20% 
lower than the f-value obtafned from electron energy loss spectra measurements 
[f - 0,195), Thus the apparent dixrpepancy between $-values obtained by 
STfetfme measurements and by electron scattering measurements has been 
~esolved ,  
Absolute excitation cross secttons f o r  bands of the C0 Fourth Positive 
system have been measured for  electron impact on CO and on C02. We have 
shown that  the fntensf t ies  o f  these bands -in emissfon Prom CO may be 
calculated on the assumption that  the vibrational levels of the Aan s t a t e  
are populated according t o  the Franck-Condon Paetsrs ,  Thfs agrees with 
Lassettre" sresults for the direct exci ta t ion a$ the Akn s l a t e ,  and t h u s  
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